Stress-controlled cyclic deformation experiments under 150 MeV proton irradiation (5.2 © 10 ¹11 dpa/s) were performed on Ni at room temperature, where a single deformation period was approximately 30 s. After deformation, defect structures were studied using positron annihilation lifetime spectroscopy and transmission electron microscopy. In deformations of 300 cycles and 900 cycles, residual vacancies were high in in-situ cyclic deformed Ni and low in nonirradiated Ni. Although dislocation cell structures were observed in all specimens, the development process and the cell size were different in each deformation condition. Well-developed large cells in nonirradiated Ni and small cells in deformed Ni after irradiation were observed. The cell structure was not well developed in the in-situ deformed Ni under irradiation. The relationship between these defect evolutions and fatigue life is discussed.
Introduction
Research concerning in-situ irradiation has played an important role in the understanding of the structural evolution of defects, for example references 1) and 2). Nuclear materials used under high-energy particle irradiation are usually subjected to external stress, caused mainly by the temperature change of materials before and during operation. Even though the total production of point defects is the same, the defect growth behavior under stress is different from that under no stress.
3) These studies have been chiefly performed to fabricate structural materials for fusion reactors, because the reactor materials are subject to stress owing to periodic operation and plasma disruption of the fusion reaction.
48)
The authors studied the effect of cyclic deformation under 14 MeV neutron irradiation.
9) The effect of deformation was clearly detected by positron annihilation lifetime measurement, even though the irradiation dose was as low as 1.5 © 10 ¹4 dpa. An accelerator-driven system (ADS) is a coupling of a subcritical nuclear reactor with a proton accelerator. Highenergy protons are irradiated onto a target to produce a large number of neutrons, used for energy generation and transmutation of minor actinides in high-level waste from light water reactor fuels. The beam window and target material of ADS experience severe thermal stress under on/off conditions of a high-intensity proton beam (>20 MW). Understanding the effect of this stress is essential for ADS construction.
In this paper, cyclic deformation tests of Ni under highenergy proton irradiation have been reported. After deformation, defect structures were observed using positron annihilation lifetime spectroscopy (PALS) and transmission electron microscopy (TEM). PALS is the only probe that can sensitively detect vacancy-type defects in most materials. 10, 11) High-energy positrons generated from the ¢ + decay of a radioactive source (e.g., 22 Na) are injected into materials. These positrons are rapidly thermalized and annihilated with electrons.
If there are open spaces in the material lattice, such as vacancies, where positively charged nuclei are absent, the positrons are briefly trapped there, resulting in a longer lifetime. The increased lifetime depends on the type and size of the defects; as a result, important information regarding the vacancy type defects and edge dislocations can be obtained.
12)

Experimental
The specimens used in this study were 99.99% pure Ni. A Ni rod was cold rolled into a 0.15-mm-thick sheet, which was then punched out to produce tensile test specimens with dimensions illustrated in Fig. 1 . The dimension of specimen was not a standard size. It was chosen to use for PALS and to make TEM specimens at the center of 2.8 mm thick area. These Ni specimens were then annealed at 1173 K for 1 h in a vacuum of less than 10 ¹4 Pa, resulting in an average grain size of 30 µm. The specimen was then irradiated with 150 MeV protons using the newly developed Fixed-Field Alternating-Gradient (FFAG) synchrotron at the Research Reactor Institute, Kyoto University, Japan. Nonlinear magnetic fields can be effectively utilized using accelerators based on the FFAG principle, which is not possible with ordinary accelerators.
13) The damage rate was 5.2 © 10 ¹11 dpa/s, determined using an event generator in the Particle and Heavy Ion Transport code System (PHITS) code 14, 15) and the SRIM code. Stress-controlled cyclic deformation tests were performed using a conventional tensile strength test instrument with a load cell of 1 kN. The load measurement accuracy was «0.5% and displacement resolution was 1 © 10 ¹3 mm. Vice grips with pins to insert into holes located at two grip parts of specimens as shown in Fig. 1 were used. The cyclic loading was tensiontension load control with a minimum stress of 7 MPa and a maximum stress of 14 MPa with a deformation period of approximately 30 s. Deformations were performed in three conditions: (i) the deformation of nonirradiated Ni; (ii) the in-situ deformation under 150 MeV proton irradiation; and (iii) post-irradiation deformation. After the cyclic deformation, positron annihilation lifetimes of the specimens were measured at room temperature using a conventional fastfast spectrometer with a time resolution of 190 ps (full width at half maximum) until a total of 1 © 10 6 counts was reached. The positron lifetime spectra were analyzed using the PALSfit program, 17) and the lifetimes were decomposed into two components. Dislocation structures were observed using a 200-keV JEOL JEM-2010 TEM. TEM specimens of 2.8 mm © 3 mm were cut from the center area of cyclic deformed specimens. They were jet polished using TenuPol-5 (Struers) and finally electro chemical polished.
Results
Damage estimation
Irradiation of high-energy protons on Ni results in damage, mainly caused by secondary particles formed by nuclear reactions. The generation and the energy spectra of secondary particles formed by nuclear reactions between protons and Ni of 0.15 mm in thickness were obtained using the PHITS code.
14,15) Figure 2 shows the formation of secondary particles; light atoms such as hydrogen (Z = 1) and helium (Z = 2) and heavy atoms such as Fe (Z = 26), Co (Z = 27), and Ni (Z = 28) are formed. Figure 3 shows the energy spectrum of the secondary particles. Light atoms have higher energy than heavy atoms. Light atoms cannot transfer sufficient energy to Ni, because the transfer energy T to Ni is expressed as
where M 1 and M 2 are the mass of incident atoms and target Ni, respectively. E and ª are the energy of incident atoms and the scattering angle, respectively. The damage is caused by Rutherford scattering and the cross section is proportional to
, where Z 1 and Z 2 are the atomic number of incident atoms and Ni, respectively. M 1 and Z 1 of light atoms are low compared to Ni. Therefore, the damage is primarily caused by heavy atoms. Irradiation damage estimated by displacement per atom (dpa) was calculated as the injection of these heavy atoms into Ni using the SRIM code, assuming the displacement threshold energy of 24 eV for Ni.
Positron annihilation lifetime measurements
The positron annihilation lifetimes of these specimens are shown in Table 1 (300 cycles, 5 © 10 ¹7 dpa in total) and Table 2 (900 cycles, 1.5 © 10 ¹6 dpa in total). If we compare the three types of deformations (cyclic deformation without irradiation, post-irradiation deformation, and in-situ deformation under irradiation), the mean lifetime of in-situ deformed Ni under irradiation is longer in both irradiation doses. With increasing deformation cycles, the long lifetimes and their intensity further increased, which indicate the formation of vacant sites in the matrix. The long lifetime of these specimens is almost equal to that of the vacancies (approximately 175 ps). 14,15)
Transmission electron microscopy
After 900 cycles of deformation, TEM was used to image Ni (Fig. 4) . Dislocation cell structures were observed in all specimens. The cell size is different in each deformation cycle. Well-developed large cells (about 1200 nm in radius) by the deformation of nonirradiated Ni and small cells (about 700 nm in radius) by the deformation of irradiated Ni were observed. The cell structure was not well developed in in-situ deformed Ni under irradiation.
Discussion
Prolongation of fatigue life during ion irradiation has been reported by several researchers. 48) Fatigue life was substantially longer in the in-situ irradiation condition than in the post-irradiation condition. The effect of irradiation on fatigue behavior was discussed on the basis of interaction between the irradiation-induced defects clusters and moving dislocations.
The effect of temperature during proton irradiation and tensile testing is important for dislocation structural evolution. The specimen temperature was measured during in-situ proton irradiation and deformation tests by a thermocouple attached at the specimen near one grip. No temperature rise was measured during irradiation and cyclic deformation. It is because of low proton beam current density (0.7 nA/cm 2 ), the long penetration length of protons (about 23 mm) and slow deformation speed (2 © 10 ¹4 mm/s). Almost all studies have reported fatigue life; however, no study has so far treated the initial stage of defect structures in fatigue deformation. In the present study, only the initial stage of fatigue deformation was studied. High accumulation of vacancies and delay in the formation of cell structure were observed in in-situ deformed Ni under irradiation. The postirradiated Ni had a small cell size because of the residual point defects and their clusters. In our previous study on the plastic deformation of Ni and Ni2 at%Sn, a remarkable decrease in the cell size was observed in Ni2 at%Sn. 19) Sn atoms are 74% oversized atoms in Ni. 20) The point defects formed by in-situ deformation also act as obstacles for moving dislocations. Because the production rate of point defects by proton irradiation is low, most of them are absorbed by moving dislocations. Some of them form jogs on dislocations and the movement of jogs produces point defects, mainly vacancies. The formation and absorption of point defects by moving dislocations prevent and delay the formation of cell structure, which prolongs the fatigue life during irradiation.
Concluding Remark
Higher accumulation of vacancies in in-situ cyclic deformed Ni under irradiation was observed. As the fatigue life was longer for the in-situ deformed specimens under irradiation than for specimens fatigued after irradiation, 48) it was concluded that the accumulation of vacancies was not important for fatigue life; however, our study showed that the development of dislocation cell structure was important. In the present paper, only defect structures of an early stage of fatigue deformation were reported. In order to understand the factor that controls fatigue life, the defect structures of the intermediate-stage and final-stage fatigue life should be studied. At present, because of the low proton-beam intensity and restriction of accelerator machine time, it is impossible to study the defect structure of the final-stage fatigue. As the beam power of the FFAG accelerator is expected to increase 10 times in the next few years, the direct comparison between fatigue life and defect structures will be possible.
